Abstract Mercury (Hg) concentrations were measured in 26 Scottish single malt whiskies, and all found to be very low (\10 ng L -1 ), posing no threat to human health through reasonable levels of consumption. However, a significant south-to-north declining gradient in Hg concentrations was observed reflecting that reported for atmospheric deposition. We speculate that this gradient could be due to a combination of contemporary deposition and the legacy of industrial mercury emissions and deposition over the last 200 years affecting concentrations in local waters used in whisky production. As UK atmospheric emissions of mercury have declined by 90 % since the 1970s, we suggest that whisky being produced today should have even lower Hg concentrations when consumed in 10-to 15-years time. This reduction may be compromised by the remobilisation of contaminants stored in catchment soils being transferred to source waters, but is very unlikely to raise the negligible health risk due to Hg from Scottish single malt whisky consumption.
Introduction
Almost two decades ago, Kleinjans et al. (1996) reported on polycyclic aromatic hydrocarbon (PAH) concentrations for a range of Scottish and Irish whiskies and American bourbons, demonstrating that Scottish malts contained the highest concentrations of these carcinogenic compounds, albeit rather low when compared to smoked and char-broiled foods. Although sample numbers for Scottish malt whiskies in the study were very low (N = 6) and the authors made no reference to the geographical distribution of the PAH concentrations in their article, it was widely reported that Scottish whiskies from the west coast had the highest carcinogenic potential expressed as benzo [a] pyrene equivalents. This publication understandably caused considerable discontent, especially with the Scottish Whisky Association (Hunt 1996) .
The authors of the study (Kleinjans et al. 1996) suggested that the source of the PAH may be derived from the drying of germinated barley over a 'peatfuelled furnace' and/or from the storage of the spirit in charred barrels over many years. However, they neither gave any explanation as to why these processes might result in higher values for Scottish single malt whiskies over (for example) Scottish blended whiskies nor why these processes should result in higher PAH content on the west coast of Scotland compared to elsewhere. Given the widely reported gradient of pollutant deposition across Scotland from south to north including fossil fuel-derived pollutants (Rose and Juggins 1994) , vehicle emissions (e.g. NO 2 ) and acidifying substances (e.g. total oxidised sulphur-SO x ; total oxidised nitrogen-NO y ) (RoTAP 2012), it is conceivable that the spatial distribution of PAH observed in Scottish malt whiskies also includes a component derived from atmospheric pollution deposition or the legacy of it.
To consider this possibility further, we measured mercury (Hg) in a range of Scottish single malt whiskies. Mercury deposition exhibits a declining gradient across Scotland from south to north (RoTAP 2012) and in the environment is known to behave in a similar manner to organic compounds (Braune et al. 2005) , such as PAHs, including a potential to biomagnify in both terrestrial (e.g. Rimmer et al. 2010 ) and aquatic food webs (e.g. Clayden et al. 2013) . Mercury shares some sources (e.g. coal combustion) with PAHs, and there are similarly wellknown health concerns. It is a potent neurotoxicant (e.g. Davidson et al. 2004; Mergler et al. 2007 ) with the developing human brain particularly susceptible to injury (Choi and Grandjean 2008) , and as a consequence, women of child-bearing age are considered an especially vulnerable population (WHO 2013) . A provisional tolerable weekly intake (PTWI) value of 1.6 lg kg -1 body weight (bw) has been set for methylmercury and 4 lg kg -1 bw for inorganic mercury (WHO 2003 (WHO , 2010 .
Methods
Twenty-six Scottish single malt whiskies were selected for analysis. As in the PAH study (Kleinjans et al. 1996) , these whiskies were purchased 'off the shelf', were all 9-15 years old and contained no cask strength samples or special 'wood finishes'. All the Scottish whiskies in the original PAH study were included in the analysis and at least two samples from each of the 11 geographical regions defined by Lapointe and Legendre (1994) in their organoleptic (e.g. smell, taste, appearance) classification of Scottish single malts. This geographical range covered samples from Galloway (Bladnoch) in the south-west of Scotland to the Orkney Islands (Highland Park) off the north coast and from Islay in the Inner Hebrides (Bowmore, Ardbeg, Laphroaig) to Glen Garioch in the east.
The method for Hg analysis was adapted from the US EPA Method 1631 for mercury in water (US EPA 2002). To each 25 mL whisky sample, 0.25 mL concentrated HCl (Romil; pure grade) and 0.25 mL purified 0.1 N BrO 3 -/Br -were added and sealed for 30 min. Fifteen microlitres 12 % NH 2 OHÁHCl was then added, and the samples diluted to 50 mL with distilled deionised water. Hg analysis was by gold trap cold vapour-atomic fluorescence spectrometry (CV-AFS) following reduction with SnCl 2 . A certified reference mercury standard (TraceCERT Ò , SigmaAldrich: 1000 ± 4 ng L -1 in 12 % nitric acid) was used to produce standard solutions. Quality control blanks were measured after every three samples to monitor measurement stability. The analytical limit of detection was 0.6 ng L -1 . Measurement errors for Hg were ±0.4 ng L -1 .
Results and discussion

Mercury concentrations and health risk
All Hg concentrations were very low (Fig. 1) . Eight of the samples, mainly to the east and north of Scotland, were below the analytical limit of detection. The highest Hg concentration was 9.5 ng L -1 for Bladnoch in Galloway, while Laphroaig, which showed the highest PAH concentrations, was second highest (4.6 ng L ) were all in the south and west with the mean concentration for the three Islay whiskies being 3.1 ng L -1 . These low Hg concentrations are in agreement with the only other reported analysis to our knowledge (Lima et al. 1973) where Hg in a whisky of unknown provenance was recorded as 'not detected' (detection limit also unfortunately not stated).
The highest Hg concentration of 9.5 ng L -1 is more than 600 times lower than the World Health Organisation guideline value for drinking water (6 lg L (Rowland et al. 2010) . Therefore, from the perspective of personal Hg exposure, there would appear to be no health risk from responsible Scottish malt whisky consumption.
Spatial distribution
With the four highest Hg concentrations all to the south and west of Scotland, the spatial distribution would appear to be similar to that of Hg in atmospheric deposition (RoTAP 2012) and also of other atmospherically deposited contaminants derived from fossil fuel combustion such as spheroidal carbonaceous fly-ash particles (SCPs), a by-product of industrial coal and oil combustion (Rose and Juggins 1994) . It is also similar to the distribution suggested for PAHs although we stress the caveat that sample numbers are low in both studies. While the spatial autocorrelation of these data are random (Global Moran's I, z = 1.21, p = 0.22), the data set z-score and Hot Spot (GetisOrd Gi) values support a south-to-north gradient in Hg concentrations (Getis and Ord 1992) (Fig. 2) .
If this Hg distribution is 'real', it is interesting to speculate on possible causes. Available information indicates that the barrels used for long-term maturation are similar for all whiskies (mainly European or American oak and previously used for sherry or bourbon) and so are unlikely to cause the observed distribution. Similarly, neither age of maturation nor storage container (four were supplied in plastic rather than glass bottles) appeared to have any relationship with Hg concentration. However, water sources for all distilleries are reported as being from local springs, lochs and burns (scotchwhisky.net 2014), and therefore, if Hg concentrations in these source waters reflect the concentration gradient for Hg in atmospheric deposition, then it may be that the water used in whisky production is a contributing factor influencing the pattern observed for Hg in the whiskies. This being the case, it would then also be expected that a similar gradient would exist for other atmospherically deposited contaminants that exhibit a depositional gradient across the country including lead (Pb), zinc (Zn), vanadium (V) and antimony (Sb) (Harmens et al. 2010 ). Further work is required to confirm this.
Supporting evidence from Hg measurements for Scottish waters and deposition is rather scarce. Data from the two monitoring sites at Auchencorth Moss and Banchory are available from 2005 to 2013 (Rowland et al. 2010 ; Defra 2015a) and show very similar concentrations over the period and no temporal trend. The data from these two sites are included in UK Hg rain concentration maps (Defra 2015b) showing rather limited information across Scotland, and wet deposition maps (mg ha -1 year -1 ) which are driven by rainfall patterns and therefore show high deposition in the west declining to the east. This spatial pattern is also reported in Rowland et al. (2010) . Mercury data for Scottish surface waters from the Scottish Government's Marine Scotland Freshwater Laboratory are sporadic for both sampling sites and sampling period between 1998 and 2007 (A. McCartney, Marine Scotland, personal communication) . Many of these measurements are below the limit of detection, but the remainder may show a declining trend with latitude for some years although this tends to be driven by a few high values in the south, principally some inflowing streams to Loch Grannoch in Galloway. Conversely, trends in mercury concentrations at the river basin scale across Scotland appear to show the opposite pattern with lower concentrations in the south and west of the country and higher values in the north (Anderson et al. 2010) , suggested as being due to trends in organic carbon in these waters. Without a systematic monitoring programme for Hg in Scottish surface waters, and with only two sites monitoring Hg in deposition across the country, there are insufficient data to support our hypothesis that the Hg gradient we observe in single malt whiskies can be related to Hg in source waters. This must remain speculative until further data are available.
Finally, we should consider that as all these whiskies are 9-15 years old if the observed gradient in Hg is reflecting spatial trends in deposition, then this is not the pattern of current deposition, but rather that of a decade or two ago. Mercury emissions have reduced by over 90 % since the 1970s (NAEI 2014) and so if Hg in single malt Scottish whisky is reflecting the scale and extent of Hg in atmospheric deposition, then we might expect 'old' whisky produced in the 1960s and 1970s to have higher Hg concentrations (but a similar declining gradient south to north) as Hg emissions and deposition peaked at that time. Conversely, we might expect Hg concentrations in whisky being produced today (to be consumed in 10-to 15-years time) to have even lower Hg concentrations than those observed in our study. However, this latter point is complicated by the possibility of climateenhanced remobilisation of legacy pollutants whereby trace metals such as Hg and Pb and, by inference, other atmospherically deposited pollutants (including organic compounds such as PAHs), previously deposited and stored in catchment soils are becoming available to surface waters (Yang et al. 2002; Rose et al. 2012) . Therefore, future concentrations of contaminants in whiskies may reflect remobilised, historically deposited contamination, stored within soils and draining into local water sources rather than contemporary atmospheric deposition at the time of whisky manufacture. Even so, as we have observed, concentrations of Hg would have to drastically increase for there to be any risk at all to human health from this source.
Conclusions
Mercury concentrations in Scottish single malt whiskies are all very low and pose no threat to human health through reasonable levels of consumption. Concentrations are at, or below, those observed in remote Scottish mountain lake waters and deposition. However, although low, we observe a significant gradient in Hg with declining concentrations from south to north, which may reflect Hg deposited from the atmosphere and draining into the local source waters used in whisky manufacture. If true, we speculate that (1) this pattern should also be observed in other atmospherically deposited contaminants and (2) Hg in whisky should further decline in future as emissions continue to decrease. However, legacy contamination, re-mobilised from storage within catchments and exacerbated by predicted climatic changes, could negate or even reverse this decline but despite this are very unlikely to raise the health risk due to Hg from Scottish whisky consumption.
